Gastrointestinal stromal tumors (GIST) are a common type of soft-tissue sarcoma.[@b1] Approximately 75--80% of GIST harbor an activating mutation in the *KIT* oncogene and 5--8% in platelet-derived growth factor receptor-α (*PDGFRA*), which are both key molecular drivers of GIST pathogenesis.[@b2]--[@b5] Adjuvant therapy with imatinib, a tyrosine kinase inhibitor, prolongs recurrence-free survival (RFS) after complete resection.[@b6],[@b7] Recently, a randomized trial revealed that patients with a high-risk of recurrence show longer survival with 3 years of imatinib administration than with 1 year.[@b8] Almost all patients receiving imatinib therapy suffer some adverse effects, and approximately 50% of the operative GIST patients are cured by surgery alone.[@b8] Therefore, prognostic markers are needed to optimize adjuvant imatinib therapy.[@b9]

Gastrointestinal stromal tumor arise predominantly in the stomach (60--70%) and small intestine (20--30%).[@b10] GIST of the small intestine (I-GIST) show more aggressive behavior than those of the stomach (S-GIST), with similar size and mitotic activity.[@b11] Therefore, the tumor site is included as a factor in currently employed risk stratification schemes.[@b12] Investigations of genetic aberrations that are specific to tumors arising at certain anatomical sites can provide clues to understanding the molecular mechanisms of malignant behavior of GIST, thus leading to the development of prognostic biomarkers. It has been reported that differences in expression or mutation of *KIT* and *PDGFRA* are associated with the tumor site.[@b13],[@b14] In addition, chromosomal aberrations and gene expressions that are specific to I-GIST have been identified in genome-wide global studies, and these have also been shown to be adverse prognostic factors.[@b15]--[@b20] However, these reports lack validation studies for the confirmation of the prognostic value and clinical utility. Therefore, intensive validation studies, including multi-institutional research, are needed to establish the prognostic biomarkers from tumor site-specific genes.

In the present study, we aimed to identify the molecular backgrounds specific to the tumor site and to discover the prognostic biomarker in GIST. We integrated proteomic and transcriptomic analysis, and observed a total of 2555 genes. For the proteomic analysis, we applied a label-free proteomics, allowing comprehensive analysis of thousands of proteins using a combination of SDS-PAGE and mass spectrometry without isotopic labeling.[@b21]--[@b23] For the transcriptomic analysis, we used publicly available transcriptomic data for GIST. We identified 18 genes whose expressions differed between S-GIST and I-GIST at both the protein and mRNA levels. Among the 18 genes, we found that promyelocytic leukemia (*PML*), a tumor suppressor gene, was significantly downregulated in I-GIST and S-GIST that showed postoperative recurrence. Finally, using immunohistochemistry, we validated the prognostic utility of PML in 254 additional cases of GIST from multiple clinical facilities.

Patients and Methods
====================

Patients and clinical information
---------------------------------

We examined tumor tissues from 164 GIST patients who underwent surgery at the National Cancer Center Hospital between July 1972 and December 2005. Fresh frozen tumor tissues from 8 GIST patients were used for proteomic analysis. The mutational status of the *KIT* and *PDGFRA* was determined as described previously,[@b24] and the clinicopathological data for the individual patients are summarized in Table[1](#tbl1){ref-type="table"}. Formalin-fixed paraffin-embedded (FFPE) tissue sections from 156 other GIST cases were examined immunohistochemically for independent validation (Suppl. [Table S1](#sd2){ref-type="supplementary-material"}). We also immunohistochemically examined 98 GIST cases that underwent surgery at Niigata University Hospital between October 1982 and December 2005 (Suppl. [Table S2](#sd2){ref-type="supplementary-material"}). All patients underwent resection with curative intent, and did not receive either neoadjuvant or adjuvant therapy with imatinib. Diagnosis was based on the World Health Organization Classification of Tumors of the Digestive System,[@b25] including tumor size, mitotic rate, presence of epithelioid morphology, and expression of CD34 and KIT. Recurrence risk was classified according to the NIH consensus criteria based on tumor size and mitotic count.[@b26] This project was approved by the institutional review boards of the National Cancer Center and Niigata University.

###### 

Clinicopathological characteristics of the samples used in the proteomic analysis

  Sample number   Anatomical tumor site   Gene mutation type                Histologic subtypes   Size (cm)   Mitosis (/50 HPF)   Risk classification[†](#tf1-1){ref-type="table-fn"}   Recurrence
  --------------- ----------------------- --------------------------------- --------------------- ----------- ------------------- ----------------------------------------------------- ------------
  1               Stomach                 Wild type of *KIT* and *PDGFRA*   Spindle               3.5         ≤5                  Low                                                   Absence
  2               Stomach                 Wild type of *KIT* and *PDGFRA*   Spindle               4.0         ≤5                  Low                                                   Absence
  3               Stomach                 *KIT* exon 11 deletion            Mixed                 12.0        \>10                High                                                  Peritoneum
  4               Stomach                 *KIT* exon 11 deletion            Mixed                 4.0         \>10                High                                                  Liver
  5               Small intestine         *KIT* exon 9 insertion            Spindle               3.7         ≤5                  Low                                                   Absence
  6               Small intestine         *KIT* exon 11 deletion            Spindle               7.0         ≤5                  Intermediate                                          Absence
  7               Small intestine         *KIT* exon 11 deletion            Spindle               18.0        6--10               High                                                  Liver
  8               Small intestine         *KIT* exon 9 deletion             Mixed                 7.0         \>10                High                                                  Peritoneum

Recurrence risk was classified according to NIH consensus criteria. HPF, high power field of the microscope.

Label-free proteomic analysis
-----------------------------

Proteins were extracted from fresh frozen tissues as described previously.[@b24] Sixty microgram protein samples were separated by 12.5% SDS-PAGE. Each gel lane was cut into 24 pieces of equal size using a GridCutter (Gel Company, San Francisco, CA, USA), and each gel piece was subjected to in-gel tryptic digestion as described previously.[@b27] The final trypsin digests were subjected to liquid chromatography coupled with LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) (Fig.[1a](#fig01){ref-type="fig"}). Peptide identification and protein quantification were performed using Mascot (version 2.2; Matrix Science, London, UK) and Progenesis LC-MS version 3.4 (Nonlinear Dynamics, Newcastle, UK), respectively. Details of the mass spectrometric analysis are provided in the supporting information (Suppl. [Doc. S1](#sd3){ref-type="supplementary-material"}). The processed raw data for protein abundance was loaded to Expressionist analyst (GeneData, Basel, Switzerland), and subjected to quantile normalization, hierarchical clustering analysis, principal component analysis and statistical analysis using Welch\'s *t*-test.

![Integrated proteomic and transcriptomic analysis shows promyelocytic leukemia (PML) downregulation in gastrointestinal stromal tumors (GIST) of the small intestine (I-GIST), and its potential as a prognostic biomarker. Workflow of the proteomic and transcriptomic analysis (a). Heat-map of the genes differentially expressed at the protein level (b). Venn diagrams showing the numbers of commonly upregulated and downregulated genes at both the protein and mRNA levels (c). Western blotting shows the differences in PML expression between the samples used for proteomic analysis (d). Kaplan--Meier analysis of recurrence-free survival according to the expression of PML mRNA in S-GIST of GSE8167 (e).](cas0106-0115-f1){#fig01}

Transcriptomic analysis
-----------------------

A publicly available microarray dataset (GSE8167), which had been previously generated using GeneChip Human Genome U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA, USA),[@b20] was obtained from the NCBI GEO database. The clinicopathological data for the 32 analyzed samples are summarized in Supplementary [Table S3](#sd2){ref-type="supplementary-material"}. Downloaded CELL files were imported into GeneSpring GX version 11.0 (Agilent Technologies, Santa Clara, CA, USA), and background correction, probe summarization and normalization were performed according to the RMA algorithm.[@b28] From the total of 54 675 probes, we extracted 6146 corresponding to the genes that had been observed in proteomic analysis. These probes were filtered according to the percentile of their signal intensities in the raw data (20-100th percentile). Among the remaining 6004 probes, hierarchical clustering analysis, principal component analysis, and statistical analysis using unpaired *t*-test with Benjamini and Hochberg\'s correction were performed (Fig.[1a](#fig01){ref-type="fig"}).

Western blotting
----------------

Five microgram protein samples extracted from fresh frozen tumor tissues were separated by 12.5% SDS-PAGE and subsequently transferred to PVDF membranes. The separated proteins were reacted with a primary antibody against PML (1:500; Abcam, Cambridge, UK) at room temperature for 1 h, followed by a secondary antibody against rabbit IgG (1:2000; GE Healthcare Biosciences, Uppsala, Sweden) under the same conditions. The immune complex was detected by ECL Prime (GE Healthcare Biosciences) and LAS-3000 (Fuji Photo Film, Tokyo, Japan). The intensity of PML bands was normalized by that of the corresponding total lanes stained with Ponceau S using ImageQuant (GE Healthcare Biosceiences).

Immunohistochemistry
--------------------

Promyelocytic leukemia expression was examined immunohistochemically using FFPE tissues, as described in our previous report.[@b24] In brief, 4-μm-thick tissue sections were autoclaved in 10 mmol/L citrate buffer (pH 6.0) at 121°C for 30 min and incubated with the antibody against PML (1:500; Abcam) at room temperature for 1 h. Immunostaining was carried out by the streptavidin--biotin peroxidase method using the Strept ABC Complex/HRP kit (Dako, Glostrup, Denmark). One pathologist (A.Y.) and one clinician (H.I.), both blinded to the clinical data, reviewed the sections stained with anti-PML antibody. Tumor cells were defined as positively stained if their nuclear staining intensity with the anti-PML antibody was equal to or higher than that of vascular endothelial cells used as an internal positive control in the same section. The examined cases were divided into negative (positive nuclear staining in \<10% of tumor cells), focally positive (in ≥10% or more but \<50%) and diffusely positive (in ≥50%), as previously reported.[@b29] In most cases, the difference was quite obvious and the two reviewers concurred as to the results.

Statistical analysis
--------------------

Fisher\'s exact test was used to evaluate the correlations between PML expression status and clinicopathological characteristics. The correlation coefficients between these variables were evaluated using Spearman rank correlation analysis. The RFS was calculated from the date of initial surgery to that of first recurrence, censoring patients alive at the time of data collection and those who died without recurrence on the date of death. The RFS rate was estimated using the Kaplan--Meier method.[@b30] Univariate survival analyses were performed using the log-rank test. The Cox proportional hazards model was applied to the multivariate survival analysis.[@b31] The variables with a univariate *P* \< 0.05 were entered into the model. Differences at *P* \< 0.05 were regarded as statistically significant. SPSS version 11.5 (SPSS, Chicago, IL, USA) was used for all of the statistical analyses.

Results
=======

Genes showing differences in protein expression specific to the tumor site
--------------------------------------------------------------------------

Using label-free proteomic analysis, we identified and quantified 26 832 unique peptides corresponding to 2550 non-redundant proteins from 8 GIST (Suppl. [Tables S4](#sd2){ref-type="supplementary-material"} and [S5](#sd2){ref-type="supplementary-material"}). Unsupervised analysis showed that the samples were grouped according to the tumor site and whether or not the tumor recurred (Suppl. [Fig. S1](#sd1){ref-type="supplementary-material"}). These observations suggested that the overall protein expression profiles reflected the difference in the tumor site and malignant potential. Among the 2550 genes, 29 were significantly upregulated and 25 were downregulated at the protein level in I-GIST (*P* \< 0.01; fold difference ≥2.0, Fig.[1b](#fig01){ref-type="fig"} and Suppl. [Table S6](#sd2){ref-type="supplementary-material"}).

Genes showing differences in mRNA expression specific to the tumor site
-----------------------------------------------------------------------

From the GSE8167 dataset, we extracted 6004 probes corresponding to the genes observed in the proteomic analysis (Suppl. [Table S7](#sd2){ref-type="supplementary-material"}). Similarly to the protein expression profiles, unsupervised analysis showed that the overall features of mRNA expression reflected the difference in the tumor site (Suppl. [Fig. S2](#sd1){ref-type="supplementary-material"}). Among the 2555 genes corresponding to the 6004 probes, 65 genes (115 probes) were significantly upregulated and 67 genes (108 probes) were downregulated at the mRNA level in I-GIST (*P* \< 0.01; fold difference ≥2.0, Suppl. [Fig. S3](#sd1){ref-type="supplementary-material"} and Suppl. [Table S8](#sd2){ref-type="supplementary-material"}).

Integrated proteomic and transcriptomic analysis
------------------------------------------------

We observed the 54 and 132 genes that were differentially expressed at the protein and mRNA levels. A total of 9 genes were commonly upregulated and 9 were commonly downregulated in I-GIST at both the protein and mRNA level (Suppl. Fig.[1c](#fig01){ref-type="fig"} and Table[2](#tbl2){ref-type="table"}). CD34 protein and mRNA had been previously reported to be downregulated in I-GIST,[@b10],[@b15] and our present study identified CD34 as a commonly downregulated gene in I-GIST (Table[2](#tbl2){ref-type="table"}). Therefore, the other genes that were identified in our study may also be potentially related to the tumor site, and probably contribute to the malignant behavior of I-GIST.

###### 

Upregulated or downregulated genes in GIST of the small intestine at both protein and mRNA level

  Gene symbol[†](#tf2-1){ref-type="table-fn"}   Gene description                                      Locus      Protein   mRNA                                                             
  --------------------------------------------- ----------------------------------------------------- ---------- --------- --------------- ---------- -------------- ----------- ---------- -------
  Upregulated genes                                                                                                                                                                         
  ABCC4                                         Multidrug resistance-associated protein 4             13q32      O15439    2.45E-03        3.66       203196_at      AI948503    1.98E-03   3.27
                                                                                                                           1554918_a\_at   BC041560   6.27E-03       2.95                   
                                                                                                                           1555039_a\_at   AY133679   1.53E-03       2.69                   
  AGFG2                                         Arf-GAP domain and FG repeats-containing protein 2    7q22.1     O95081    1.92E-03        6.21       206821_x\_at   NM_006076   2.29E-04   2.87
                                                                                                                           217450_at       AF053356   2.53E-05       2.91                   
                                                                                                                           222126_at       AI247494   8.07E-04       5.04                   
                                                                                                                           222362_at       H07885     6.96E-04       4.28                   
                                                                                                                           1554618_at      BC009393   4.35E-04       3.20                   
  ISYNA1                                        Inositol-3-phosphate synthase 1                                  O43598    8.95E-03        4.57       222240_s\_at   AL137749    8.27E-03   2.11
  CYCS                                          Cytochrome c                                          7p15.3     P99999    1.78E-03        4.53       208905_at      BC005299    2.46E-05   2.22
                                                                                                                           229415_at       BF593856   5.12E-04       2.44                   
                                                                                                                           244546_at       AI760495   8.34E-04       2.22                   
  ITPK1                                         Inositol-tetrakisphosphate 1-kinase                   14q31      Q13572    2.98E-03        13.88      210197_at      BC003622    4.91E-04   2.22
                                                                                                                           210740_s\_at    AF279372   1.59E-08       15.38                  
  CADM1                                         Cell adhesion molecule 1                              11q23.2    Q9BY67    7.91E-04        12.48      209030_s\_at   NM_014333   1.24E-05   20.96
                                                                                                                           209031_at       AL519710   2.95E-05       25.62                  
                                                                                                                           209032_s\_at    AF132811   1.70E-06       9.96                   
                                                                                                                           244345_at       AI627453   2.90E-05       2.17                   
  DNPH1                                         2′-deoxynucleoside 5′-phosphate N-hydrolase 1         6p21.1     O43598    8.95E-03        4.57       204238_s\_at   NM_006443   1.93E-03   2.69
                                                                                                                           39817_s\_at     AF040105   2.14E-04       2.06                   
  C8orf42                                       Chromosome 8 open reading frame 42                    8p23.3     Q86YL5    1.17E-03        5.85       226778_at      AI632224    7.35E-04   2.75
                                                                                                                           230903_s\_at    H11634     2.22E-05       3.40                   
  PIK3AP1                                       Phosphoinositide 3-kinase adapter protein 1           10q24.1    Q6ZUJ8    8.15E-03        3.35       226459_at      AW575754    3.15E-05   6.55
                                                                                                                           1554508_at      BC029917   5.64E-07       4.51                   
  Downregulated genes                                                                                                                                                                       
  AHNAK                                         Neuroblast differentiation-associated protein AHNAK   11q12.2    Q09666    9.16E-03        0.31       211986_at      BG287862    6.36E-03   0.45
  PML                                           Promyelocytic leukemia                                15q22      P29590    8.40E-04        0.32       235508_at      AW291023    1.88E-06   0.42
  CLIC2                                         Chloride intracellular channel protein 2              Xq28       O15247    3.67E-03        0.15       213415_at      AI768628    1.02E-06   0.18
  CD34                                          CD34 molecule                                         1q32       P28906    1.20E-03        0.05       209543_s\_at   M81104      8.83E-08   0.07
  LPCAT2                                        Lysophosphatidylcholine acyltransferase 2             16q12.2    Q7L5N7    6.70E-05        0.05       227889_at      AI765437    1.30E-06   0.06
                                                                                                                           222833_at       AU154202   1.01E-05       0.24                   
                                                                                                                           239598_s\_at    AA789296   7.19E-03       0.34                   
  FHL2                                          Four and a half LIM domains protein 2                 2q12.2     Q14192    1.28E-03        0.09       202949_s\_at   NM_001450   1.36E-06   0.15
  EPS15                                         Epidermal growth factor receptor substrate 15         1p32       P42566    4.80E-04        0.45       217887_s\_at   NM_001981   3.48E-07   0.45
                                                                                                                           217886_at       BF213575   2.90E-07       0.47                   
  PRKCDBP                                       Protein kinase C delta-binding protein                11p15.4    Q969G5    8.88E-03        0.24       213010_at      AI088622    1.41E-06   0.16
  CDC42EP5                                      Cdc42 effector protein 5                              19q13.42   Q6NZY7    1.13E-03        0.03       227850_x\_at   AW084544    7.84E-08   0.16

Gene symbols were derived from UniGene.

Accession numbers of proteins were derived from Swiss-Prot and NCBI nonredundant databases.

*P*-values were calculated by *t*-test.

Fold differences were calculated by dividing the mean normalized expression value of GIST of the small intestine samples by that of GIST of the stomach samples.

Affymetrix Human Genome U133 Plus 2.0 Array probe set ID.

Accession numbers of genes were derived from GenBank database.

*P*-values were calculated by *t*-test and corrected by Benjamini--Hochberg false discovery rate. GIST, gastrointestinal stromal tumors.

The promyelocytic leukemia gene (*PML*) was included among the 9 genes that were commonly downregulated (Table[2](#tbl2){ref-type="table"} and [Fig. S4](#sd1){ref-type="supplementary-material"}). PML protein was originally identified as a fusion partner of the retinoic acid receptor-α (RARα) in the transforming protein (PML-RARα) found in acute promyelocytic leukemias.[@b32] PML functions as a tumor suppressor that controls apoptosis, protein synthesis, the cell cycle, cellular proliferation and genomic stability.[@b33] Loss of PML has been reported in breast cancer, gastric cancer and small cell lung cancer, but not in GIST.[@b34] In addition, *PML* is located on chromosome 15q, which is frequently lost in I-GIST,[@b17] suggesting that the decreased level of PML might reflect genomic alteration in I-GIST. With these notions, we further explored PML expression in GIST and its clinical utility.

Promyelocytic leukemia as a potential novel prognostic marker in gastrointestinal stromal tumors
------------------------------------------------------------------------------------------------

Western blotting of the samples used for proteomic analysis revealed that PML protein was downregulated in I-GIST, being consistent with the result of the proteomic analysis. Moreover, we found that PML protein was also downregulated in the tumor of S-GIST obtained from patients who developed postoperative recurrence (Fig.[1d](#fig01){ref-type="fig"}). We then analyzed the expression of PML mRNA in 23 cases of S-GIST using the transcriptome dataset. The appropriate cut-off value for the prediction of postoperative recurrence was set at −0.094 with a sensitivity of 88.2% and a specificity of 50.0% by the receiver operating characteristic curve (Suppl. [Fig. S5](#sd1){ref-type="supplementary-material"}). We divided 23 cases into two groups showing high (*n* = 18) and low (*n* = 5) expression by this value. Kaplan--Meier analysis demonstrated that the RFS period of patients with low expression of PML mRNA was significantly shorter than that of patients with high expression (*P* = 0.041) (Fig.[1e](#fig01){ref-type="fig"}). PML was downregulated not only in I-GIST but also in S-GIST showing malignant behavior, and has the potential to be a novel prognostic marker in GIST.

Immunohistochemical validation study using gastrointestinal stromal tumor cases from multiple clinical facilities
-----------------------------------------------------------------------------------------------------------------

We validated the correlation of PML expression with the tumor site and patients\' outcome using immunohistochemistry in 254 additional samples from the National Cancer Center Hospital (156 cases) and Niigata University Hospital (98 cases). PML immunostaining showed a nuclear speckled pattern or a diffuse nucleoplasmic pattern (Fig.[2a](#fig02){ref-type="fig"}--c). Vascular endothelial cells were strongly positive for PML expression, as described in a previous report.[@b34] Among the 254 cases, 196 cases (77.2%) showed diffusely positive staining and were classified as PML-positive. The remaining 46 cases (18.1%) showing focal positivity and 12 cases (4.7%) that were negative were classified as PML-negative. Thirty-six of 211 cases with S-GIST (17.0%), 12 of 22 cases with I-GIST (54.5%) and 10 of 21 cases arising in other organs (47.6%) showed PML-negative, the differences being statistically significant (*P* \< 0.001). Expression of PML was also correlated with tumor size (*P* \< 0.001), mitosis (*P* \< 0.001) and NIH consensus criteria (*P* \< 0.001) as well as the tumor site (Table[3](#tbl3){ref-type="table"}). Kaplan--Meier survival analysis showed that the 5-year RFS rate was significantly lower for PML-negative than for PML-positive cases (60.1% *vs* 91.7%; *P* \< 0.001) (Table[3](#tbl3){ref-type="table"} and Fig.[2d](#fig02){ref-type="fig"}). Tumor site, histologic subtype, tumor size, mitosis and NIH consensus criteria were also significantly correlated with RFS in the univariate analysis. The correlation coefficient between NIH consensus criteria and tumor size was 0.78, and that between NIH consensus criteria and mitosis was 0.71 (Suppl. [Table S9](#sd2){ref-type="supplementary-material"}). They were especially high among those between other variables. Therefore, tumor size and mitosis were excluded from the variables entered into the Cox proportional hazards model to avoid multicollinearity. As a result, PML negativity was an independent unfavorable prognostic factor (hazard ratio \[HR\] = 2.739; *P* = 0.001) in addition to an indicator of a high-risk of recurrence according to the NIH consensus criteria (HR = 13.121; *P* \< 0.001).

###### 

Correlations between clinicopathological characteristics and immunohistochemical expression of PML and survival analysis in the 254 GIST patients of the NCCH and Niigata University Hospital

  Variable                                              Number of patients (*N *=* *254)   PML expression   *P*-value   Univariate analysis   Multivariate analysis[‡](#tf3-1){ref-type="table-fn"}                                            
  ----------------------------------------------------- ---------------------------------- ---------------- ----------- --------------------- ------------------------------------------------------- --------- -------------- --------------- ---------
  Age                                                                                                                                                                                                                                          
   \<60                                                 103                                75               28          0.173                 78.5                                                    0.184     Not included                   
   ≥60                                                  151                                121              30                                88.8                                                                                             
  Gender                                                                                                                                                                                                                                       
   Female                                               130                                95               35          0.112                 88.8                                                    0.199     Not included                   
   Male                                                 124                                101              23                                80.2                                                                                             
  Tumor site                                                                                                                                                                                                                                   
   Stomach                                              211                                175              36          \<0.001               88.7                                                    \<0.001   1.000                          
   Small intestine                                      22                                 10               12                                59.1                                                              2.130          0.985--4.609    0.055
   Other                                                21                                 11               10                                71.1                                                              1.531          0.686--3.418    0.298
  Histologic subtype                                                                                                                                                                                                                           
   Spindle                                              198                                157              41          0.350                 90.7                                                    \<0.001   1.000                          
   Epithelioid                                          17                                 13               4                                 70.6                                                              1.849          0.740--4.618    0.188
   Mixed                                                37                                 25               12                                57.0                                                              1.699          0.859--3.359    0.128
   Unknown[§](#tf3-1){ref-type="table-fn"}              2                                  1                1                                 ―                                                                 ―              ―               ―
  Size (cm)                                                                                                                                                                                                                                    
   ≤5                                                   154                                132              22          \<0.001               93.3                                                    \<0.001   Not included                   
   5.1--10.0                                            75                                 50               25                                75.7                                                                                             
   \>10                                                 25                                 14               11                                58.8                                                                                             
  Mitosis (/50 HPF)                                                                                                                                                                                                                            
   ≤5                                                   185                                155              30          \<0.001               95.0                                                    \<0.001   Not included                   
   6--10                                                43                                 27               16                                73.2                                                                                             
   \>10                                                 26                                 14               12                                28.2                                                                                             
  Risk classification[¶](#tf3-1){ref-type="table-fn"}                                                                                                                                                                                          
   Very low or low                                      122                                107              15          \<0.001               96.6                                                    \<0.001   1.000                          
   Intermediate                                         71                                 56               15                                91.4                                                              2.808          0.937--8.411    0.065
   High                                                 61                                 33               28                                52.5                                                              13.121         4.877--35.301   \<0.001
  PML expression                                                                                                                                                                                                                               
   Positive                                             196                                ―                ―           ―                     91.7                                                    \<0.001   1.000                          
   Negative                                             58                                 ―                ―                                 60.1                                                              2.739          1.498--5.006    0.001

†Five-year RFS rates were estimated by the Kaplan--Meier method. ‡In addition to PML expression status, covariates of tumor site, histologic subtype and recurrence risk classification were included in the multivariate analysis. §Two cases of unknown histologic subtype were not included in the survival analysis. ¶Recurrence risk was classified according to the NIH consensus criteria. CI, confidence interval; GIST, gastrointestinal stromal tumors; HPF, high power fields; PML, promyelocytic leukemia; RFS, recurrence-free survival.

![Immunohistochemical validation study of promyelocytic leukemia (PML) expression. PML is diffusely positive in gastrointestinal stromal tumors (GIST) of the stomach (S-GIST) (a), whereas it is focally positive in S-GIST with recurrence (b), and it is not expressed in GIST of the small intestine (c). Kaplan--Meier analysis of recurrence-free survival according to PML expression in samples from multiple clinical facilities (d).](cas0106-0115-f2){#fig02}

We then examined the prognostic value of PML expression in cases stratified according to the tumor site or NIH consensus criteria (Fig.[3](#fig03){ref-type="fig"}). In the S-GIST group, the 5-year RFS rate was 61.2% for PML-negative cases and 94.2% for PML-positive cases (*P* \< 0.001; Fig.[3a](#fig03){ref-type="fig"}). In contrast, in the I-GIST and other anatomical tumor site group, the difference between PML-positive and negative cases was not statistically significant (Fig.[3b](#fig03){ref-type="fig"},c). With regard to the NIH consensus criteria, the RFS rate was significantly lower in PML-negative than in PML-positive cases within each risk group (Fig.[3d](#fig03){ref-type="fig"}--f).

![The stratified Kaplan--Meier analysis of recurrence-free survival. The cases were stratified according to the tumor site (a--c), and stratified according to recurrence risk classification of the NIH consensus criteria (d--f).](cas0106-0115-f3){#fig03}

Discussion
==========

The prognosis of GIST patients differs according to the tumor site; I-GIST show more aggressive behavior than S-GIST.[@b11] Genome-wide global studies have revealed differences in *KIT* or *PDGFRA* mutations, gene expressions and chromosomal aberrations between I-GIST and S-GIST.[@b13]--[@b20] These observations suggest that further exploration of these molecular aberrations associated with the tumor site would yield clues to understanding the molecular background of the malignancy in GIST, thus widening the clinical options available to GIST patients.

This is the first report of the integrated proteomic and transcriptomic analysis of GIST aimed at exploring the molecular differences associated with the tumor site and prognostic biomarkers. The proteome is the functional translation of the genome, by which tumor cell phenotypes are directly regulated. Therefore, the proteomic analysis has considerable potential for discovery of biomarkers based on the molecular backgrounds of tumor malignancy. Proteomics can identify many proteins showing differential expressions. Thus, selection and validation of biomarker candidates is critical in the biomarker study. Recently, transcriptome data for well characterized clinical materials became publically available, and meta-analysis has been performed to assess the clinical utilities of biomarker candidates at the mRNA level. This is in contrast to proteome data, as few such data for clinical materials are publicly available. For proteins whose expression levels show concordance with those of the corresponding mRNA, it is possible to verify their utility as biomarkers using western blotting and immunohistochemistry at the protein level, or RT-PCR and meta-analysis of public transcriptomic data at the mRNA level. Against this background, we challenged the biomarker discovery at both the protein and mRNA levels.

We identified *PML* as a commonly downregulated gene in I-GIST at both the protein and mRNA levels. PML regulates oncogenic pathways such as the cell cycle, apoptosis and angiogenesis through interaction with pRB, p53, MDM2, PTEN, mTOR and HIF-1α.[@b33] *PML* is one of the tumor suppressor genes, and its loss leads to alteration of these pathways. These oncogenic pathways reported to play a major role in the molecular biology of GIST through the constitutive activation of KIT or PDGFRA signaling (Suppl. [Fig. S6](#sd1){ref-type="supplementary-material"}). GIST with high-risk of recurrence show significant changes in genes that regulate the cell cycle.[@b35] *TP53* mutations, p53 overexpression and *MDM2* amplification are correlated with poor outcome in GIST patients.[@b36],[@b37] The PI3K-mTOR signaling pathway is one of the most important for growth of GIST cells.[@b38] HIF-1α plays an important role in GIST angiogenesis, and high expression is correlated with recurrence and metastasis.[@b39] Therefore, downregulation of PML might contribute to the malignant behavior of I-GIST.

We validated the association of PML expression with the tumor site and confirmed its prognostic utility in additional cases of GIST from multiple clinical facilities using immunohistochemistry. Downregulation of PML expression was significantly associated with not only I-GIST, but also a larger tumor size, higher mitotic count and higher risk of recurrence (Table[3](#tbl3){ref-type="table"}). These results are consistent with the abovementioned tumor suppressive function of PML because these findings reflect higher cell proliferation based on dysregulation of the cell cycle or apoptosis. Survival analysis showed that PML expression was significantly correlated with the RFS period; identical results were obtained in cases stratified according to their institutions of origin (Suppl. [Fig. S7](#sd1){ref-type="supplementary-material"} and [S8](#sd1){ref-type="supplementary-material"}; Suppl. [Tables S10](#sd2){ref-type="supplementary-material"} and [S11](#sd2){ref-type="supplementary-material"}). The stratified survival analysis showed that PML expression was significantly correlated with the RFS period in the S-GIST group, but not in the I-GIST and other sites group. Therefore, PML could be applied as a prognosticator to patients with S-GIST. I-GIST and GIST arising from other sites were minorities in GIST, and the number of cases examined was small. Further analyses are needed to elucidate the benefit of PML evaluation in these types of GIST.

Recent studies indicated that adjuvant imatinib administration was relevant for NIH high-risk patients, but the evidence on intermediate-risk patients is insufficient.[@b9] In our analysis, prognostic significance of PML expression was independent from that of NIH consensus criteria. PML expression could clearly distinguish between better and worse prognosis of patients within the NIH intermediate-risk group, and the 5-year RFS rate of the PML-negative cases was 71.8%. Thus, PML evaluation to select patients suitable for adjuvant therapy with imatinib may be applicable to the intermediate-risk group. However, the difference of RFS according to PML expression in the NIH very low or low-risk group was statistically significant, but PML-negative cases had relatively good prognosis; the 5-year survival rate was 86.2%. Therefore, adjuvant imatinib administration is considered as over-treatment for patients in the NIH very low or low-risk group regardless of PML expression. However, further prospective analyses are necessary to clarify the utility of PML evaluation for an optimization of the adjuvant therapy.

Our study was limited in that we did not examine the molecular functions of PML *in vivo* and *in vitro*. Recently, inhibition of the PML degradation pathway using a proteasome inhibitor has been show to preserve its expression, thus making it an attractive approach for anti-cancer therapy.[@b40] We examined the effects of a proteasome inhibitor on PML protein expression in GIST cells (GIST-T1), and found that the inhibitor did not preserve PML protein expression, probably because it is controlled predominantly at the mRNA level and not at the protein degradation level in GIST cells (Suppl. Fig. S9). Further analysis of the functional significance of PML will lead to a more detailed understanding of the disease mechanisms of GIST, thus helping to reveal novel therapeutic modalities.

In conclusion, through integrated proteomic and transcriptomic analysis, we demonstrated differential expressions of 18 genes associated with the tumor site. Among them, we identified *PML*, a tumor suppressor gene, as a commonly downregulated gene at both the protein and mRNA levels in I-GIST. Using additional cases from multiple clinical facilities, we successfully validated the association of PML downregulation with I-GIST and a shorter RFS period. Prognostication using PML expression may help to optimize the treatment strategy for GIST patients.
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